Many cities across the country, as part of Complete Streets initiatives or to promote community livability, 2 have engaged in street improvement or transportation infrastructure upgrade projects that increase access 3 and mobility for pedestrians and bicyclists. The importance of public amenities such as proximity to green 4 spaces, transportation networks (i.e., airports, highways or rail stations, etc.) and school quality in 5 determining property value has been widely discussed in urban economics, planning and real estate research. 6
However, the specific contribution of bike infrastructure and bike facilities to residential property values is 7 relatively undocumented or inconsistent, presenting difficulties in justifying further allocations of resources 8 towards high quality bicycle-related infrastructure. 9 10
Relevant research in this area generally focus on urban greenways, defined as "linear corridors of open 11 space along rivers, streams, historic rail lines, or other natural or man-made features" (1), or "trails with 12 greenbelts" (2). Proponents of urban greenways typically point to benefits from recreational usage (e.g., 13
walking, biking, running), active transportation-related public health benefits (3), or mode shift-related 14 transportation benefits resulting from new bike lanes or improvements to existing facilities (4-7) such as 15 congestion relief, greenhouse gas emissions or noise reductions. Greenways may provide additional 16 benefits in the form of environmental services (e.g., habitat conservation or carbon sequestration) and 17 aesthetic value (1). Other researchers have focused on whether active transportation infrastructure 18 investments generate positive returns on economic development and business activities (8-10). To the 19 extent that residential properties serve as home bases for people's activities and provide access to nearby 20 infrastructure, accessibility to desirable bike facilities and extensiveness of the nearby bike facility network 21
should be key determinants of residential property values. In other words, residential property values may 22 serve as indicators of consumer preference for bicycle infrastructure. 23 24
While the our analysis serves to quantify households' preferences for better bicycle facilities, a key policy 25 consideration is that although property value increases may benefit existing homeowners as well as local 26 governments via an increase in property tax revenue collection and overall economic development, renters 27 or other vulnerable populations may experience negative consequences if they are priced out of the 28 burgeoning real estate market. The geographic distributions of accessibility to advanced bike facilities and 29 extensiveness of the bike facility network and their correlations to various socioeconomic characteristics 30 will be another important consideration in this context. It is clear that advanced bike facilities and other 31 urban greenways which achieve complementarities with existing transportation infrastructure networks and 32 city plans tend to produce better outcomes. 33 34
This study contributes to the existing literature by not only examining the relationship between advanced 35 bike facilities (defined as bike-priority facilities and separated bike lanes) and residential property values, 36 but also by focusing on two major components of bike priority facilities: ease of access (distance) and 37 extensiveness of bike network (density). We begin with a brief summary of the relevant literature and 38 methodologies. Then, we present the results of both a hedonic pricing model and spatial autoregressive 39 models applied in Portland, Oregon. We present an illustration of how the modeling results may be applied 40 to estimate property value impacts of a proposed Portland "Green Loop" concept. Finally, we conclude with 41 a discussion of the policy implications of our research and future research directions. 42 43
LITERATURE REVIEW

44
Although this paper focuses on the property value impacts of bike facilities, it is important to understand 45 the various other determinants of residential home prices to appropriately account for them. where the original error term from the OLS specification is modeled as an autoregressive error term (ε = 34 λWε + v). λ represents the spatial error parameter, Wε is the spatial error, interpreted as the mean error from 35 neighboring locations, and v is the independent model error (22, 29). Lagrange multiplier (LM) tests are 36 conducted to identify the appropriate SAR models. Another key consideration is the specification of the 37 spatial weighting matrix W, a matrix that describes the magnitude of impact of nearby property sales on the 38 property in question. Two row-standardized methods are utilized to construct matrices for each residential 39
property, k-nearest neighbors (i.e., 4-nearest neighbors) and specific distance based neighbors (i.e., within 40 1 mile buffer zone). Figure 1 illustrates these two methods for a sample property sold in southwest Portland, 41
where the left sub-figure shows that the sale price of the subject property is most heavily influenced by the 42 nearest four or six properties sold in the specified timeframe, and the right sub-figure shows the influence 43 of all properties within a one-mile or half-mile buffer zone around the subject property. Again, statistical 44 tests are performed to determine the spatial weighting methodology. 45 46 1
FIGURE 1. Spatial Weighting Matrix Diagrams for Two Neighboring Methods 2 3
In order to construct the dataset for our estimations, Multnomah County (where Portland, Oregon is located) 4 residential property tax roll data from 2010-2013 was collected. This study focuses on the impact of bike 5 facilities on residential properties, including both single-family homes and multi-family homes 6 (condominiums), so other property types were excluded in our study. Distressed transaction such as 7 foreclosures, short sales, or other types of non-"arm's length" transactions were also excluded since they 8 do not accurately reflect the actual property values. The distribution of property sale transactions and sale 9 prices are shown in Figure 2 . Single-family home (SFH) transactions occurred relatively evenly throughout 10 the City of Portland, whereas multi-family home (MFH) transactions are much more concentrated in the 11 city center with relatively higher sale prices. 12 13
Using the geo-location of each property, other regional and bike facility characteristics are spatially joined. 14 In order to capture school quality, each property is assigned an elementary school catchment area where the 15 average of state-published reading and math scores (measured by the percentage of students exceeding state 16 standards in the catchment area) is adjoined. Safety, represented by crime rates (number of crimes per 1000 17 residents in 2012), is incorporated from a neighborhood incidence of crime dataset from the Portland Police 18
Bureau. The distance to CBD, representing access to jobs and other central city amenities and measured as 19 the distance from each neighborhood centroid to Portland downtown, and Walk Score®, representing access 20 to walking-distance neighborhood amenities from a proprietary source, are both spatially matched to each 21
property. Additionally, because residential property sales are affected by overall economic and market 22 conditions as well as seasonality (30), a sale year and a season of sale variable (non-rainy season is defined 23 as June to September) are incorporated to capture these trends in the market. 24 25
In additional to property characteristics such as square-footage and building age, we calculated a property 26 tax measure, an assessed value to real market value ratio (AV/RMV ratio) that describes the percentage of 27 a property's real market value on which property taxes are assessed. For example, a property with a 0.60 28 AV/RMV ratio will only be assessed property taxes on 60% of its real market value, which represents a 29 significant tax advantage compared to a similar property with an AV/RMV ratio of 0.90. Liu and Renfro 1 (28) showed that the AV/RMV ratio is a significant determinant of property sale prices, even after 2 controlling for all other characteristics. 3 4
In general, there are two broad categories of bike facilities: off-street paths, which include exclusively off-5 road bicycle facilities and multi-use paths jointly utilized by all non-motorized modes; and on-street 6 facilities, which may include simple striped bike lanes, separated bike lanes, bike boulevards, etc. Studies 7
showed that cyclists preferred separated bike lanes to striped bike lanes (with simple striping and no 8 additional separation between cyclists and vehicular traffic), and more advanced bike facilities may attract 9 bicyclists to detour from the most direct route to take advantage of these facilities (7, 27, 31). This study 10 will focus on the property value impacts of "advanced bike facilities". In the context of Portland, advanced 11 bike facilities include cycle tracks (also known as separated bike lanes), buffered bike lanes and bike 12 boulevards (Figure 3 ). 13 14
Two key variables are constructed to represent advanced bike facilities characteristics at each property: 15 distance to nearest advanced bicycle facility and advanced bike facility density within a half-mile radius 16
(half-mile is a commonly used buffer zone distance for measuring bike facility accessibility in 17 bike/greenways studies (1)). The first variable represents the availability and ease of access to advanced 18 bike facilities from each property, and the second variable represents the extent of the advanced bike facility 19 network around the property. Figure 4 shows the geographic distribution of advanced bike facilities in 20
Portland (both distance to nearest facility and density of bike facilities). Although properties are, on average, 21 only 0.68 miles (3,602 feet) away from the nearest advanced bike facility and have more than 0.74 miles 22 (3,896 feet) of facilities within a half-mile radius, the spatial distribution of the bike amenities are not 23 equally spread within the city boundaries, and drop off significantly along the edges of the city. 24 25
Descriptive statistics are shown in Table 1 , including transaction characteristics, property characteristics, 26 regional characteristics as well as bicycle facilities characteristics. During the 2010-2013 time period, a 27 total of 20,122 residential properties were transacted in Portland, at an average price of $303,834. Single-28 family homes tend to garner higher prices, and are larger, older and have lower AV/RMV ratios when 29 compared to multi-family homes. Multi-family homes sold tend to be located in the central part of the city, 30
with better walkability and access to city-center amenities, but with higher crime rates. In large part due to 31 the concentration of multi-family homes in central locations with higher density, multi-family homes tend 32 to also have better access to advanced bike facilities (shorter distance) and a denser network of facilities. -Neighborhood fixed effect coefficients are omitted for space in Models 3 and 4.
-The Chow test is an econometric test that determines whether the coefficients in two linear regressions have differential impacts on different subgroups of the population. In our case, the Chow test of the SFH and MFH models is significant, which indicates that the independent variables do have differential impacts on SFH and MFH property values. Therefore, this indicates the need to separate residential property sales into two groups to model the exact magnitude of impacts of each independent variable for the two residential types.
4
Given the risks of biased or inefficient coefficient estimates in the OLS model described previously, we use 1 the Lagrange Multiplier (LM) test to identify spatial autocorrelation effects in OLS model, and to determine 2 the appropriate spatial autoregressive specifications. It is commonly used in spatial econometric contexts, 3 since the actual estimation of the spatial (unrestricted) model is not required to test for differences between 4 the restricted OLS model and unrestricted spatial model (22, 32). Two spatial weighting matrix methods, 5 4-nearest neighbors and 1-mile distance neighbors, are also tested. The tests show significant 6 autocorrelation in both lag term and error term in both single family and multi-family models, and we find 7 that spatial lag autocorrelation was stronger for single family homes while spatial error autocorrelation was 8 stronger for multi-family homes. As hypothesized, these test results indicate that it is indeed necessary to 9 estimate spatial regression models to avoid overestimating the coefficients. Models 1 and 2 are augmented 10 with spatial autocorrelation terms, and the results from a spatial lag model for single-family homes 11 (SFH.SAR or Model 5) and a spatial error model for multi-family homes (MFH.SAR or Model 6) are shown 12 in Table 3 . For both models, statistical tests (Akaike information criterion and log-likelihood ratio) support 13 employing the 4-nearest neighbors method to construct the spatial weighting matrix, which means that the 14 sale prices of the four nearest properties sold tend to have the largest impacts on the property price. Akaike 15 information criterion and log-likelihood ratios shown at the bottom of Table 3 further demonstrate that the 16 spatial models show better goodness-of-fit when compared to the OLS models. 17 18
Compared with Models 1 to 4, the estimated coefficients of the spatial autoregressive models generally 19 have the same signs although with smaller magnitudes, reinforcing the previous assertion that OLS 20 specifications tend to overestimate the effects of variables on property value. We again find that being closer 21 to advanced bike facilities and having access to a denser network of these facilities within a half-mile radius 22 tend to contribute positively to property values. For single family homes, each quarter mile closer to the 23 nearest advanced bike facility increases the property value by $1,571 and an additional quarter mile of 24 facility density increases values by $1,399. On the other hand, multi-family homes gain only $211 for each 25 quarter mile of proximity to advanced bike facilities, but experience a large increase of $3,683 with an 26 additional quarter mile of facility density within its buffer zone. These coefficient estimates show that 27 access to advanced bike facilities translate to statistically significant positive price premiums on all 28 residential properties, but the density of the bike network plays a much more significant role in determining 29
property values than proximity to facilities for multi-family homes. By incorporating spatial autocorrelation, 30 the coefficient estimates appear to be more robust with improvements to the overall model fit when 31 compared to the OLS models, as demonstrated by the Akaike information criterion and log-likelihood ratios 32
(typical goodness-of-fit tests for spatial models) shown at the bottom of To illustrate the policy applicability of this research as a tool in decision making and resource allocation 2 processes, we apply estimated coefficients to a scenario with a proposed 6-mile signature active 3 transportation infrastructure concept, the Portland "Green Loop". The Green Loop fits well into our 4 definition of advanced bike facilities, with high levels of infrastructure investments to provide separated 5 bike lanes, bike paths and connections through existing or proposed parks and other safety improvements 6 such as traffic signals and lighting. 7 8
Using Multnomah County certified tax rolls for all residential properties in 2013 (a total of 174,453 9
properties -156,052 SFHs and 18,401 MFHs), we find that the Green Loop either decreases the proximity 10 to nearest advanced bike facility or increases the density of the bike facility network for 12,135 households. 11
Although the additional infrastructure does not translate to large changes in proximity to nearest advanced 12 bike facility for most properties, it does significantly increase the density of bike facility length within a 13 half-mile buffer zone of each property. In other words, we would expect more potential impacts to result 14 from the increase in bike facility network density rather than from ease of access. 15 16
Applying coefficient estimates from both the OLS and SAR model specifications for both SFHs and MFHs 17 (Models 1, 2, 5 and 6), we find that the introduction of the Green Loop generally increases property values. 18
The OLS models predict average increases of approximately 1.77% for SFHs and 8.22% for MFHs, while 19 SAR models predict attenuated increases of 1.02% and 6.42% for the two property types, respectively. 20
Because the Green Loop is designed as a city center infrastructure investment, the geographic distribution 21 of the residential property value impacts tends to be more concentrated in the city center as shown in Figure  22 5. In addition, only very limited numbers of single family homes are located in these neighborhoods, while 23 more than half of all multi-family units in the city are located within the range of impact of the Green Loop, 24 further accentuating the potential real estate market impacts of such large scale projects. 25 26
27
FIGURE 5. Geographic Distribution of Estimated Property Value Impacts of Proposed Portland 28 "Green Loop" Concept 29 30
CONCLUSION
31
As many cities are investing in street improvement or transportation infrastructure upgrade projects to 32 provide better bike access or more complete bike networks, the consumer preference and economic value 33 of bike infrastructure and bike facilities remain as lingering questions that many practitioners, planners and 34 policy makers are struggling to answer. Although the importance of other public amenities such as distance 35 to green spaces, transportation networks and school quality in determining property value is well 36 documented, fewer people have delved into understanding how households value access to urban 37 greenways or on-street bike facilities via impacts on property values. In this study, we focus on examining 1 the relationship between advanced bike facilities that tend to attract larger numbers of users and residential 2 property values. We further contribute to the research literature by utilizing two measures of these bike 3 priority facilities that may impact property values: ease of access (distance) and extensiveness of bike 4 network (density). 5 6
After determining that the determinants of single family and multi-family property values are structurally 7 different, we proceed with estimating separate ordinary least squares hedonic pricing models in Portland, 8
Oregon, and control for property, regional, transaction and bike facility characteristics, including both 9 distance and density advanced bike facility variables. We find that proximity to advanced bike facilities has 10 significant and positive effects on both single family and multi-family property values, which is consistent 11 with previous research. Our results also show that the extensiveness of the bike network is a positive and 12 statistically significant contributor to the property prices for all property types, even after controlling for 13 proximity to bike facilities and other internal and external variables. Enhancing the model specifications 14 with spatial autocorrelation effects to prevent overestimation yields similar but slightly tempered positive 15 and statistically significant impacts of both proximity and density of advanced bike facilities on residential 16 property values. 17 18
It is our hope that these study results will provide essential information to aid those seeking to make policy 19 or resource allocation decisions. However, we caution against implying causal relationships from these 20 findings because further research utilizing time series data will be necessary to establish the pre-and post-21 treatment effects from different types of bike facility investments. 
